We study the optimization of a neutrino factory with respect to non-standard neutral current neutrino interactions, and compare the results to those obtained without non-standard interactions. We discuss the muon energy, baselines, and oscillation channels as degrees of freedom. Our conclusions are based on both analytical calculations and on a full numerical simulation of the neutrino factory setup proposed by the international design study (IDS-NF). We consider all possible non-standard parameters, and include their complex phases. We identify the impact of the different parameters on the golden, silver, and disappearance channels. We come to the conclusion that, even in the presence of non-standard interactions, the performance of the neutrino factory hardly profits from a silver channel detector, unless the muon energy is significantly increased compared to the IDS-NF setup. Apart from the dispensable silver channel detector, we demonstrate that the IDS-NF setup is close to optimal even if non-standard interactions are considered. We find that one very long baseline is a key component in the search for non-standard interactions, in particular for |ǫ 
Introduction
In neutrino physics, three-flavor oscillations have been successfully used as a model explaining all relevant neutrino data, see, e.g., Ref. [1] . In particular, the solar and atmospheric oscillation parameters have been measured with very high precisions, and the reactor mixing angle θ 13 has been strongly constrained. Future experiments will test this small angle further, and be sensitive to leptonic CP violation and the neutrino mass hierarchy (see Ref. [2] and references therein). The ultimate high precision instrument for these purposes might be a neutrino factory [3] [4] [5] . Using different baselines and oscillation channels, it can basically disentangle all of the remaining oscillation parameters [6] [7] [8] [9] in spite of the presence of intrinsic correlations and degeneracies [5, [10] [11] [12] . Because of its high precision, it might be natural to ask how sensitive it is to non-standard physics.
Non-standard neutrino interactions (NSI) could be such messengers of new physics beyond the Standard Model in the neutrino sector. In this work, we will focus on interactions of the form
which may affect the neutrino propagation in matter [13] [14] [15] [16] . Here, f is an electron or a firstgeneration quark. Such dimension six operators can be considered as an effective low-energy fingerprint of new physics at a higher energy scale, once the high energy degrees of freedom have been integrated out. Note that these operators involve the same in-and out-state charged fermion, which means that they produce neutral current-like interactions. Similarly, one can write down operators involving different in-and out-state charged fermions, leading to non-standard effects in the neutrino production and detection [17] . From the theory point of view, dimension six operators suffer from the problem that the neutrinos come together with their SU(2) counterparts in the Standard Model, which means that charged lepton flavor-violating (LFV) processes are introduced at tree level (unless the SU(2) breaking effects are large) 1 ; see, e.g., Refs. [18, [20] [21] [22] . For example, if α = e, β = τ , and f = e, τ decays into three electrons are a consequence, which can be strongly constrained by Bfactories. However, this SU(2) relation can be avoided when dimension eight operators are taken into account above the electroweak scale [22, 23] . In such a case, charged LFV effects appear only at one loop level, leading to less stringent bounds. Of course, there are ways to circumvent this reasoning, but so far there is no motivation to assume that the NSI should be large. Therefore, we focus on NSI constraints in this study. For a summary of current bounds from non-oscillation experiments, see Refs. [2, 23, 24] .
NSI are also constrained from the current oscillation experiments. The effect of NSI in solar neutrino experiments has been studied in Refs. [25] [26] [27] , and in atmospheric neutrino oscillation in Refs. [18, [28] [29] [30] [31] [32] . Some numbers on the constraints can be found in these references. In addition, NSI have been discussed in the context of future neutrino oscillation experiments in Refs. . They can be also tested in astrophysical neutrino sources, such as supernovae [55, 56] , and in the early universe [57] . The sensitivity of non-oscillation experiments to NSI, such as collider and neutrino scattering experiments, has been pointed out in Refs. [22, [58] [59] [60] [61] [62] .
As far as the neutrino factory is concerned, the problem of parameter correlations and degeneracies has to be taken into account if one parameter needs to be extracted from the information encoded in the event rates. NSI might therefore be confused with the standard oscillation parameters, and the sensitivity to the standard oscillation parameters might be affected in the presence of NSI [34, 41] . The discovery reach to NSI (including production and detection effects) has been studied in Ref. [50] for a setup with only one detector. A major step forward was taken in Ref. [53] , where it was pointed out that a detector at the magic baseline has an excellent sensitivity to interactions of the form ν e + f ↔ ν τ + f . On the other hand, the silver channel ν e → ν τ [6, 7] is very sensitive to this particular interaction at high energies [46] , because it is the leading order effect in that channel [2] . Therefore, it is yet unclear what the best strategy to measure specific NSI actually is, and what the role of the silver channel for NSI could be. We will clarify the contribution of different channels to specific NSI in neutrino propagation in this study both analytically and numerically. In addition, we discuss the muon energy and baseline optimization of a neutrino factory for NSI, and compare it to the optimization for the standard oscillation (SO) parameters. We fully take into account complex phases, and we include all possible NSI in the discussionwe will comment on specific parameters in the following section. We adopt the point of view that NSI must be small, since there is not yet any theoretical motivation for large NSI. Therefore, we only discuss sensitivity limits, and no discovery reaches. We focus on neutrino propagation effects for the sake of simplicity, which means that we assume that production and detection effects are either not present, or constrained otherwise (such as by a near detector). Our starting point for the optimization will be the current baseline setup for the international design study of a neutrino factory (IDS-NF) [2, 63] , which is designed for optimal discovery reaches for sin 2 2θ 13 , the neutrino mass hierarchy, and leptonic CP violation.
Our study is organized as follows: We discuss all possible NSI in neutrino propagation in Sec. 2, identify the ones relevant for a neutrino factory, and describe the channels providing the main sensitivities analytically. In Sec. 3, we introduce our performance indicators and simulation details. The impact of different channels on specific types of non-standard parameters is, in a full simulation, illustrated in Sec. 4 . We then study the impact of the muon energy in Sec. 5, where we put special emphasis on the silver channel. The baseline optimization of the two-baseline setup is, for standard oscillation physics, revisited in Sec. 6, and it is compared to the same optimization for the NSI parameters. In Sec. 7, we summarize the sensitivities expected from a neutrino factory, and we conclude.
Phenomenology
We focus on non-standard propagation effects in neutrino oscillations. These can be phenomenologically described by neutral current-type non-standard interactions (NSI)
affecting the neutrino propagation in matter. Here, ǫ
, and f stands for all possible fermions in Earth matter (u quarks, d quarks, electrons). This definition includes the possibility of different non-standard interactions with quarks and leptons, and different interactions for left-and right-handed couplings to the fermions.
2 Note that, in general, ǫ f P αβ are complex numbers for α = β, and real numbers for α = β. Since there are about two nucleons (a proton and a neutron) per electron in Earth matter, neutrinos are, for coherent forward scattering in Earth matter, sensitive to the combination ǫ m βα = 3ǫ
where
βα . This is because the neutrino beams are only sensitive to the vector component. Further on, we will discuss how well one can test this combination. For the bounds on interactions for individual fermions, see Table 8 in Ref. [2] .
Neutrino propagation Hamiltonian and considered NSI parameters
Interactions of the type in Eq. (1) add an extra effective matter effect potential to the neutrino propagation Hamiltonian, which then reads
Here, a CC is the usual matter effect term defined as a CC ≡ 2 √ 2EG F N e (with N e the electron number density in Earth matter), and the first line corresponds to the usual Hamiltonian in Earth matter. This equation already implies that the energy and baseline dependence of the non-standard effects will be similar to the standard matter effects, i.e., long baselines and high neutrino energies are important. For antineutrinos, the matter potential in Eq. (3) and all complex phases change sign, i.e., a CC → −a CC , U → U * , and ǫ Table 8 in Ref. [2] ). In fact, we will show at the end of this study, that the bounds obtainable from the neutrino factory are comparable to the current bounds, which means that the neutrino factory is probably not the best experiment for their measurement. The interaction described by ǫ m ee is not per se interesting for us, since it will be intimately correlated with the matter density. We will discuss it in Sec. 5.
Because of the strong bounds on |ǫ m eµ | and |ǫ m µµ |, and the straightforward relationship between ǫ m ee and the matter density precision measurement, we will focus on ǫ m eτ , ǫ m µτ , and ǫ m τ τ in the main line of this study. Note that the above mentioned bounds are purely phenomenological, and there are no convincing theoretical arguments yet why these non-standard effects should be large. Hence we focus on further constraints beyond the current limits in this study, but we do not discuss a possible discovery of non-standard effects, and only marginally touch possible effects on the determination of the standard oscillation parameters. Note that similar non-standard effects can be present in the neutrino production or detection. We do not consider these effects, which has the advantage that we do not have to simulate the near detector explicitely. Let us now first of all focus on ǫ m eτ , which can be best measured in the golden ν e → ν µ and silver ν e → ν τ appearance channels (see, e.g., Ref. [46] ). The interference term induced by ǫ m eτ in the silver channel P eτ ≡ P νe→ντ can be illustrated as
where "SO" stands for "standard oscillations". As we will see below, this structure is recovered in the full expression of the oscillation probability. In our discussion, we will use the following abbreviations for the spectral terms, i.e., the terms containing energy and/or baseline information:
Here ∆ corresponds to the vacuum oscillation phase,Â to the effective matter potential withÂ → 1 at the matter resonance, F Res to a term maximal at the matter resonance, and F MB to a term which is vanishing at the magic baseline L ≃ 7 500 km [8, 64] . In the definitions ofÂ and F MB , the upper signs are for neutrinos, and the lower ones for antineutrinos. Contributions proportional to different products of these terms can, in principle, be disentangled by the use of a wide beam spectrum and different baselines. The standard oscillation probability for P eµ and P eτ is, to second order in α ≡ ∆m differ only by the signs as given in the 2nd, 3rd, 5th, 6th, and 9th terms (and the 2nd and 3rd term in Eq. (9)). If there is information from many different baselines and energies, the different dependencies on the spectral terms Eqs. (5) to (8) can be used to disentangle all terms in Eq. (10) except for the 2nd and 5th (or 3rd and 6th) terms. Depending on the relative size of sin 2θ 13 and α, either of these two terms may dominate, or both terms might be of similar magnitude. Note, however, that in certain limits, Eq. (10) is very different for the golden and silver channels. For example, let us consider the situation at peak energies of the spectrum, and at the first oscillation maximum, which occurs typically at a baseline around L ∼ 3000 to 4000 km. In this case,Â∆ ≃ π/2 and ∆ ≪ 1. It is easy to see from Eq. (5) to Eq. (8), and from Eq. (9) that this leads to all standard oscillation terms being ∝ ∆ 2 ∝ 1/E 2 , so that they cannot be disentangled from each other. Of the NSI terms in Eq. (10), only those which are either constant in energy, or proportional to 1/E, may be separated from the standard terms. From the signs in Eq. (10), we find that, for the golden channel, all relevant NSI terms cancel, while for the silver channel, they interfere constructively. Consequently, the golden channel detector at the short neutrino factory baseline will not be able to provide a good sensitivity to ǫ m eτ , while a better performance is expected for a silver channel detector at the same baseline. Our argument also shows that a high neutrino energy is advantageous for a measurement of NSI atÂ∆ ≃ π/2 and ∆ ≪ 1, because it reduces the standard oscillation background.
At the magic baseline, F MB → 0 [8] , we obtain
Here F Res | MB is F Res in the magic baseline limit ∆Â → π. This formula is exactly the same as in Ref. [51] for P eµ if F Res | MB is trigonometrically expanded. 4 It has a number of interesting implications. First of all, there are much less correlations than in Eq. (10) , which means that the magic baseline will crucially contribute to the NSI sensitivity. However, compared to the SO case, the NSI case is not completely correlation-free at the magic baseline -even the phase φ m eτ appears in the formula. Second, for maximal atmospheric mixing, we have P eµ = P eτ , which means that there is no difference between the golden and silver channels. Therefore, there will be no physics case for the silver channel at the magic baseline because of the much lower event rate. And third, since all terms are proportional to (F Res ) 2 , the second term, which is proportional toÂ ∝ E, and the third term, which is proportional toÂ 2 As we shall quantitatively discuss later, the disappearance channel P µµ at the neutrino factory is the dominant source for the ǫ m µτ and ǫ m τ τ sensitivities (see, e.g., Ref. [47] ). Here we follow Ref. [44] to describe these effects in the two flavor limit. The approximation corresponds to the ν µ -ν τ system with θ 13 → 0. For ǫ m τ τ , we have
where the PMNS matrix U is a 2 × 2 mixing matrix with the mixing angle corresponding to θ 23 . From this expression, we can read off the fact that ǫ does [47] . In this case, we can describe the shift in the mass squared difference and mixing angle by a parameter mapping:
In the maximal mixing limit θ 23 → π/4, they are reduced to
The lowest order of this shift comes from O{(ǫ m τ τ ) 2 }, which means that it does not appear in the analytic expressions in Refs. [52, 53] . The NSI effect is proportional toÂ 2 ∝ E 2 . In low energy experiments such as T2K, this effect is not important. On the other hand, in high energy experiments, such as neutrino factories, this will affect the oscillation probability significantly. In addition, note that there can, in principle, be resonant effects for strong deviations from maximal mixings. For |ǫ m τ τ | = O(1) (which might be, however, unrealistically large [29] ) and θ 23 on the edge of the current 3σ allowed range, one finds from Eq. (14) that one can have resonance energies as high as about 2.5 GeV, which is slightly above the currently considered detection threshold. 
For maximal mixing θ 23 → π/4, we obtain sin 2 2θ 23 → 1 and
We can see that the mass squared difference receives modifications already at first order in ǫ m µτ , while the mixing angle remains maximal to all orders. Since we will marginalize over the phase of the NSI parameter, the visible effect comes from the second order term.
Numerically, the sensitivity to |ǫ (provided that all other correlations can be resolved). In Ref. [9] , the 1σ precision of ∆m 2 31 has been found to be 0.2% at the very long baseline. Eq. (15) 
Performance indicators and simulation details
In the previous section, we have motivated why we only consider small non-standard effects. As performance indicator, we use the "|ǫ m αβ | sensitivity", which corresponds to the exclusion limit which is obtained if the true value (simulated value) vanishes. In principle, we follow the same definition as for the sin 2 2θ 13 sensitivity, i.e., we define the |ǫ In addition, all standard oscillation parameters are marginalized over. In our simulations, we find the main correlation leading to technical difficulties is the correlation among φ m αβ , δ CP , and sin 2 2θ 13 . Therefore, we pre-scan this set of parameters in many cases to find the position of the global minimum. In some cases, we will consider also correlations among different ǫ m αβ 's in order to compare our results to earlier works. For the same reason, we will sometimes also neglect the phases φ m αβ even for α = β. For the sake of simplicity, we do not include the sgn(∆m 2 31 ) degeneracy for the nonstandard sensitivities [11] . In addition, we do not consider degeneracies with unrealistically large |ǫ m αβ | 1 in some cases, because these degeneracies would appear above the current bounds. Note that our |ǫ m αβ | sensitivity is expected to be similar to a conservative case discovery limit, i.e., depending on the phases, the discovery may be possible for smaller |ǫ m αβ | than the sensitivity limit (cf., Refs. [50, 52] ). The experimental scenario we consider is the IDS-NF 1.0 setup from Ref. [63] , which is the current standard setup for the "International design study of the neutrino factory" (IDS-NF). Within the "International scoping study of a future neutrino factory and super-beam facility" [2, 9] , this setup has been optimized for the measurement of sin 2 2θ 13 , the neutrino mass hierarchy, and leptonic CP violation in the case of standard oscillations. In short, this setup uses two baselines at about 4 000 km and 7 500 km with two (identical) magnetized iron neutrino detectors (MIND) with a fiducial mass of 50 kt each. In addition, a 10 kt emulsion cloud chamber (ECC) for ν τ detection is placed at the short baseline. For each baseline, a total of 2.5 · 10 21 useful muon decays plus 2.5 · 10 21 useful antimuon decays in the straight of the corresponding storage ring is used, which could be achieved by ten years of operation with 2.5 · 10 20 useful muon decays per baseline, year, and polarity. The muon energy E µ is assumed to be 25 GeV, which is sufficient for a detector with a low enough detection threshold [9] . The detector and systematics specifications can be found in Refs. [7, 63] . Note that there is not yet any near detector specification. We do not simulate the near detector explicitely, because we do not discuss non-standard production or detection effects such as in Ref. [52] . In addition, we do not require charge identification in the disappearance channel, which means that we have to add the ν µ andν µ event rates. It has been demonstrated in Ref. [9] that the better efficiencies (and better energy threshold) lead to a better performance in that case. In summary, the following oscillation channels are included:
1. ν e → ν µ at 4 000 km (ν µ appearance) 2.ν e →ν µ at 4 000 km (ν µ appearance) 3 . ν e → ν µ at 7 500 km (ν µ appearance) 4 .ν e →ν µ at 7 500 km (ν µ appearance) 5. ν µ +ν e → ν µ +ν µ at 4 000 km (ν µ disappearance) 6.ν µ + ν e →ν µ + ν µ at 4 000 km (ν µ disappearance) 7. ν µ +ν e → ν µ +ν µ at 7 500 km (ν µ disappearance) 8.ν µ + ν e →ν µ + ν µ at 7 500 km (ν µ disappearance) 9 . ν e → ν τ at 4 000 km (ν τ appearance)
In the following, we will refer to golden channels 1 to 4 as Golden [5] , to channels 5 to 8 as the disappearance channels, and to the silver channel 9 as Silver [6] . Note that in the limit of small sin 2 2θ 13 , channels 5 to 8 can be approximated by ν µ → ν µ andν µ →ν µ , respectively, which we have discussed in the phenomenology section.
Compared to Ref.
[63], we study several modifications in order to discuss the neutrino factory optimization for non-standard interactions. In some cases, we will vary the muon energy or baseline(s), sometimes even for Silver separately. In addition, we will discuss a potentially improved silver channel detector Silver*, which uses five times the signal and three times the background of Silver in order to implement the hadronic decay channels of the τ as well [9] . In a part of the study, we will not include Silver at all.
All simulations are performed using the GLoBES software [66, 67] . The experiment description is based on Refs. [9, 12] , we assume external measurement precisions of 10% each, whereas we do not impose any external constraints on the leading atmospheric parameters. The used true values and their errors are motivated by the current best-fit values and their errors, see, e.g., Refs. [1, 68] . For the matter density, we use the PREM profile (Preliminary Reference Earth Model) with a normalization uncertainty of 5% [69, 70] . For neutrino trajectories which do not cross the core of the Earth, we approximate the PREM profile by a single layer of constant density, while for core-crossing neutrinos, we use a mantle-core-mantle profile with three layers. The densities within the respective layers are computed by averaging the full PREM profile along the neutrino trajectory. Note that the 5% matter density uncertainty is assumed to be correlated among different channels operated at the same baseline, and uncorrelated between different baselines (unless we vary the baseline of one channel independently; in that case, it is always uncorrelated).
Impact of different channels
In this section, we discuss the impact of different oscillation channels, and we study the optimization of the silver channel. We know from Ref. [51] that the combination of two baselines, one with about 3 000 km and the other with about 7 000 km, turns out to be very useful to resolve correlations between the standard and non-standard parameters, and among different non-standard parameters. However, disappearance information was not taken into account in the analysis of Ref. [51] , and the off-diagonal ǫ's were assumed to be real. On the other hand, it has been demonstrated in Ref. [46] that the silver channel probability at 3 000 km significantly depends on the non-standard effects, especially ǫ m eτ . Therefore, we focus on three major questions in this section:
1. Which oscillation channels dominate the measurements for which non-standard quantities?
2. If one has already a two-baseline setup, such as the IDS-NF setup, does one still need the silver channel?
3. Is the silver channel location at the shorter of the two golden baselines really the optimal choice? The different columns correspond to the two different baselines 4 000 km and 7 500 km, as well as their combination. In the second row, we in addition add the disappearance channel (left), introduce complex ǫ m eτ (middle), and finally add the Silver* channel (right). In the upper row, we only marginalize over sin 2 2θ 13 and δ CP , whereas in the lower row, we marginalize over all oscillation parameters.
Note that ǫ m eτ is assumed to be real in the first four panels, and complex in the last two. In this figure, a true δ CP = 3π/2 and sin 2 2θ 13 = 0.001 have been assumed. In addition, E µ = 50 GeV has been chosen for comparison to Ref. [51] . The contours correspond to the 1σ, 2σ, and 3σ confidence level for 2 d.o.f.
These questions can only be quantitatively and reliably answered using a full simulation.
To compare our results to Ref. [51] , let us first of all assume all ǫ m αβ to be real. In addition, we study simultaneous constraints for two non-standard parameters to illustrate the impact of different channels. In order to compare to Ref. Fig. 1 we show the allowed sensitivity region in the upper row for L = 4 000 km (left panel), L = 7 500 km (middle panel), and the combination of the two baselines (right panel). In these panels, we have only marginalized over sin 2 2θ 13 and δ CP , the true ǫ m eτ = ǫ m τ τ have been assumed to vanish, and we have chosen E µ = 50 GeV for the whole figure.
5 Our results reproduce Ref. [51] very well, even though the baselines are slightly changed to match the IDS-NF baseline setup. Note that the magic baseline fit is not completely correlation-free, as it is obvious from Eq. (11), which means that there is no clean measurement of ǫ m eτ at the magic baseline. In addition, there are still some problems with correlations in the combination of the two baselines. Therefore, one may suspect that the silver channel could help to resolve these.
We have tested that this problem becomes even worse if one marginalizes over the leading solar and atmospheric oscillation parameters as well. In this case, the silver channel indeed helps to resolve the correlations. However, this conclusion does not hold anymore if one in addition adds the disappearance channel, as we have done in the lower left panel of Fig. 1 
sensitivity. Therefore, the analytical formulas presented in Sec. 2 are really the ones applicable to the most sensitive channels at the neutrino factory. Now one can argue that once even more parameters are added, the information from the silver channel needs to contribute at some point. In addition, we have not included the complex phase φ m eτ yet. Therefore, we show in Fig. 1 , lower middle panel, the full complex case with the additional parameter φ m eτ marginalized over. Note that the scale on the axes has changed, and that ǫ m τ τ is real by definition. There is no large quantitative change compared to the lower left panel. However, if the Silver* channel is in addition used at the 4 000 km baseline, as we illustrate in the lower right panel, |ǫ m eτ | can be somewhat better constrained, whereas there is almost no effect for ǫ m τ τ (or ǫ m µτ ). Though this improvement is not insignificant (a 30% effect), we will study in Sec. 5 how it quantitatively depends on the muon energy and silver channel implementation. We have checked that it cannot be achieved by a mere up-scaling of the Golden detectors, as one may naively expect, even if the detector masses are increased by 50 kt each. Therefore, we have identified a synergy in the sense of Ref. [71] here. We have checked that even if one includes in addition ǫ m µτ to be marginalized over, there are no significant qualitative changes to this picture, i.e., no additional correlations to be resolved. Therefore, we conclude that the Silver* channel at the 4 000 km baseline is not a key component to push the non-standard parameter measurements by an order of magnitude, but it may help to improve the |ǫ m eτ | sensitivity somewhat. One reason are the relatively low event rates even for δ CP = 3π/2, where the silver rate becomes largest in the CP-odd term (second term in Eq. (9)): in total about 47 events for ν τ appearance (Silver*) or 9 events for ν τ appearance (Silver), compared to about 323 events for ν µ appearance and 6 million events for ν µ disappearance at the 4 000 km baseline (E µ = 50 GeV, sin 2 2θ 13 = 0.001, δ CP = 3π/2, normal hierarchy, no NSI). On the other hand, we know from the upper left and middle panels in Fig. 1 that the magic baseline significantly contributes to the ǫ m eτ measurement for the golden channel in an orthogonal way, and there is still a substantial number of events at this baseline (126 events for the above benchmark point). Therefore, we have demonstrated that the silver channel at the short baseline is not mandatory for the ǫ m eτ sensitivity if the golden channel at the magic baseline is used. In addition, at the magic baseline, the golden and silver appearance channels are equivalent, as we have found in Eq. (11) . Hence, we do not expect the silver channel to be useful at the magic baseline either.
Even if the silver channel does not help at 4 000 km or 7 500 km, what about (hypothetically) placing the ECC at a third baseline in combination with two Golden detectors at 4 000 km and 7 500 km? We discuss this question for |ǫ m eτ | in Fig. 2 50 GeV, and 100 GeV. Note that in this case, the matter density is assumed to be uncorrelated among all three baselines. Indeed one can read off these figures that the optimal performance is obtained at about 3 000 km to 4 000 km, where the vertical lines correspond to our standard choice. This means that our setup is perfectly optimized for the silver channel. In addition, one can read off this figure that for E µ ≪ 50 GeV hardly any effect is visible. We will discuss the muon energy dependence in detail in the next section.
Note that we will not consider two NSI parameter correlations for the rest of this study anymore, since we have found that there is hardly any correlation remaining in the ǫ m τ τ -ǫ m eτ plane (cf., Fig. 1 , lower middle and right panels). This means that the sensitivities can as well be studied separately. 6 Of course, there is a straightforward correlation in the ǫ 
which just corresponds to the normal form of an ellipse centered at ǫ ee is intimately connected to the matter density uncertainty, which we have taken into account. This means that our simulation using a 5% matter density uncertainty is, apart from the fact that the matter density is assumed to be uncorrelated between the two baselines, equivalent to a simulation with a precisely known matter density profile and an external bound |ǫ m ee | 0.05 (1σ). We will further comment on the relationship to the matter density uncertainty in Sec. 5.
Optimal muon energy
From Fig. 2 , we have learned that the muon energy has some impact on the NSI performance. This can, for example, be seen at the relative dominance of the NSI terms for higher neutrino energies in Eq. (11) . Therefore, we discuss in this section the dependence of the NSI parameter sensitivities on the muon energy, with and without silver channel. Note that for the standard oscillation parameters, the muon energy has only a minor impact if the detection threshold in the Golden detectors is low enough and E µ 20 GeV [9] . Therefore, a lower muon energy E µ = 25 GeV was chosen for the IDS-NF baseline setup than the 6 In fact, for very large sin 2 2θ 13 close to the current bound, there is some correlation in the ǫ m τ τ -ǫ m eτ plane remaining, which partly comes from the matter density uncertainty. Since for sin 2 2θ 13 0.01, a neutrino factory would probably look different from the current IDS-NF baseline setup (i.e., have a short baseline and a lower muon energy) [ Figure 2: Sensitivity to |ǫ m eτ | (3σ) as a function of the Silver* baseline for three detector setups: two MIND detectors at 4 000 km and 7 500 km, and one Silver* detector at the specified baseline on the horizontal axes. The different curves correspond to different muon energies as given in the plots. The different panels show the result for different (representative) true values of sin 2 2θ 13 and δ CP , as given in the captions. The
IDS-NF iron detector short baseline is marked by the vertical lines.
originally anticipated E µ = 50 GeV. For a possibly different detector technology, also a low energy neutrino factory with E µ ∼ 5 GeV has been discussed in the literature [72] [73] [74] . Such an experiment may be useful for large sin 2 2θ 13 , but the typical setups involve only one baseline, and will therefore not be considered in this work. Again, there are three relevant questions for this section:
1. Is the muon energy of 25 GeV sufficient for the NSI sensitivities, or should one go to a higher E µ for the IDS-NF baseline?
2. What are the prospects to improve the current NSI bounds for a considerably lower muon energy?
How important is the silver channel as a function of the muon energy?
In order to address these questions, we present in Fig. 3 the sensitivity to |ǫ gain anymore. The reason is that the energy range with the strongest matter effects is sufficiently covered, while for higher muon energies, the event rates at the lower end of the spectrum decrease somewhat. In fact, the |ǫ m τ τ | sensitivity even becomes worse for E µ 50 GeV. This means that E µ = 25 GeV is indeed sufficient for the NSI sensitivities. For E µ ≃ 5 GeV, however, the current bounds could only be improved for |ǫ eτ | sensitivity, however, it slightly improves the sensitivity for E µ 25 GeV, depending on the true parameter values. For E µ = 25 GeV, the silver channel hardly contributes. This means that, at least for the NSI, the current choice of E µ = 25 GeV for the IDS-NF baseline setup is in contradiction with the Silver detector at 4 000 km. Either the muon energy needs to be increased to make the silver channel valuable, or there is no physics case for the silver detector. Since the impact of the silver channel is, even for E µ = 50 GeV, not very large, we prefer to choose E µ = 25 GeV in the following in order to be consistent with the IDS-NF baseline setup. However, we will not include the Silver detector, because we have not found any significant physics contribution.
As far as the |ǫ potential a CC is (to leading order) shifted by P = x + a CC ǫ m ee . For ǫ m ee = 0, i.e., without NSI, P = x is exactly the deviation of the matter density from the reference matter density profile. Note that we impose a prior on the shift x, which means that |x| δa CC is limited, where δa CC is the matter density uncertainty (1σ). This uncertainty comes, for example, from the limited precision of seismic wave experiment. The measurement of P , i.e., the matter density precision measurement, has been studied in the literature in Refs. [75] [76] [77] . Therefore, one can, in principle, estimate the ǫ m ee sensitivity from the precision of P and δa CC as the Gaussian average for a single baseline experiment. For two baselines, ǫ m ee will be correlated between the baselines, whereas x will be not. Therefore, a slightly better ǫ m ee sensitivity might be expected in practice.
We show in Fig. 4 the sensitivity to |ǫ m ee | as a function of the muon energy for two magnetized iron detectors at 4 000 km and 7 500 km (3σ). The left panel is computed for a matter density uncertainty δa CC = 5%, and the right panel for a matter density uncertainty δa CC = 1% (1σ). Here different values for sin 2 2θ
true 13 and δ true CP have been used, as shown in the plot legend. For very high E µ , the effective precision on P will be higher than the matter density uncertainty δa CC , which means that the |ǫ m ee | sensitivity will be asymptotically limited by δa CC . Therefore, in the left panel of Fig. 4 , the sensitivities are roughly limited by 3 · 0.05/ √ 2 ≃ 0.11, in the right panel by 3 · 0.01/ √ 2 ≃ 0.02, where the factor √ 2 comes from the fact that two independent matter density priors are added. For very low E µ , the precision of P will be much weaker than δa CC in all cases, which means that the sensitivity is limited by the precision of P . Therefore, the curves in both panels are very similar for small muon energies irrespective of the matter density uncertainty. The dependence on sin 2 2θ true 13 is similar to that of the measurement of P without NSI, see Ref. [76] . Note that there is hardly any dependence on δ true CP for very small or very large sin 2 2θ true 13 . For very large sin 2 2θ 13 , the precision of P is extremely good already for comparatively small E µ , which means that the asymptotic limit is quickly reached (cf., curves for sin 2 2θ 13 = 0.1). For very small sin 2 2θ true 13 , the solar term (fourth term in Eq. (9)) dominates the measurement, which means that the performance is poorer than in the large sin 2 2θ 13 limit. 7 For intermediate sin 2 2θ true 13 , the performance strongly depends on δ true CP , because δ CP leads to non-trivial correlations (cf., curves for sin 2 2θ true 13 = 0.001). Compared to the other sensitivities discussed in this section, there can be a strong gradient between a muon energy of 25 and 50 GeV especially if δa CC is sufficiently small, which, however, somewhat depends on the true parameters. Therefore, if one emphasizes the |ǫ m ee | sensitivity, a higher muon energy might be important. Since the improvement would only be a factor of a few beyond the current bounds, this would probably not be the main argument for a higher muon energy.
Baseline optimization: Standard versus non-standard physics
In this section, we discuss the optimization of the baselines for a neutrino factory with two detectors, considering both standard oscillation physics and non-standard scenarios. The experimental setup is based on the IDS-NF 1.0 configuration, but omitting the silver channel. We will treat the two baselines L 1 and L 2 as free parameters in this section, and compare their resulting optimal values to the ones suggested by the IDS-NF 1.0 setup, namely L 1 ∼ 3 000 km to 5 000 km, and L 2 ∼ 7 000 km to 8 000 km. For definiteness, we define our benchmark setup by L 1 = 4 000 km and L 2 = 7 500 km. This choice is based on previous works, in particular on the magic baseline argument in Ref. [8] (correlations and degeneracies disappear at a baseline around 7 500 km), the single baseline optimization in Ref. [9] (leading to the conclusion that one needs two baselines to optimally measure all standard performance indicators), and the optimization of the longer baseline L 2 with the shorter one fixed at L 1 = 4 000 km in Ref. [77] . A simultaneous variation of both baselines has so far only been considered in Ref. [8] for the sin 2 2θ 13 sensitivity reach.
The main questions relevant for this section therefore are:
1. Is the IDS-NF baseline setup still optimal for all standard oscillation performance indicators if both baselines are varied simultaneously?
2. Is the standard optimization robust if there are NSI?
3. What would the optimal baselines be for non-standard interactions?
4. Is the non-standard optimization consistent with the standard one?
7 In fact, the fourth term in Eq. (9) is CP-invariant, which means that it is also invariant under ǫ m ee = 0 → ǫ m ee = −2 (which corresponds to a sign flip of the matter density profile). We have not included this additional degeneracy.
Optimization for standard oscillation performance indicators
In order to discuss the optimization for the standard performance indicators, we show in Fig. 5 the two-baseline optimization of a neutrino factory with two Golden detectors. In this figure, optimal performance means optimal reach in sin 2 2θ 13 . The upper left panel shows the region with optimal sensitivity to sin 2 2θ 13 , the upper right panel shows the region with optimal sensitivity to the normal mass hierarchy, the lower left panel shows the region with optimal sensitivity to maximal CP violation, and the lower right panel shows the intersection of the three regions. The contours have been chosen such that all regions are of similar size (see values in plots). All performance indicators are defined at the 5σ confidence level in order to include all degeneracies (even if they occur only at a relatively high χ 2 ). For the sensitivity to the mass hierarchy and to CP violation, we use δ true CP = 3π/2, since for this value, degeneracies have a strong impact, so that it corresponds to a conservative assumption. The circles mark our IDS-NF benchmark setup, whereas the colored (gray) diamonds mark the optimum baselines for each case. The dotted curves and the black diamonds indicate the optimization in a non-standard scenario, which will be discussed below.
Let us, however, first focus on the standard optimization only. For the sin 2 2θ 13 sensitivity (upper left panel), we recover the shape from Ref. [8] , Fig. 1 . In this case, almost any combination of baselines, with one of them being magic, leads to a good performance. The same conclusion can be obtained for the mass hierarchy sensitivity (upper right panel), where the the optimal baseline somewhat varies with δ true CP (cf., Ref. [9] ). Note that for sin 2 2θ 13 as well as for the mass hierarchy, the long baseline is a prerequisite. For CP violation (lower left panel), however, one of the baselines has to be short, i.e., between 2 000 km and 6 000 km, while a long baseline is required to resolve the degeneracies (for δ true CP = π/2 one might not need that [9] ). Interestingly, no points on the diagonal are within the optimal region, which means that it is not sufficient to use only one baseline for this set of parameters. Finally, the lower right panel shows the intersection of the other regions. It clearly demonstrates that our standard choice, denoted by the circle, is well within the optimal region for all performance indicators.
As the next step, assume that the non-standard effects are taken into account in the fit, which will obviously spoil the standard oscillation parameter sensitivities of a neutrino factory (see, e.g., Refs. [34, 41] ). This means that we have to marginalize over these effects as well. Let us first of all focus on ǫ m eτ : The dotted curves in Fig. 5 have been obtained from a fit where also ǫ m eτ (its absolute value and phase) has been marginalized over. As one can read off the contours, the absolute performances for all the standard oscillation parameters become worse. However, the optimization does not change, as it can be read off from the lower right panel. Therefore, our two-baseline optimized setup is very robust even with respect to non-standard ǫ given in the plots). The diamonds show the setups with optimal sensitivities (colored/gray for the shaded contours, black for the dotted contours), whereas the circles correspond to the IDS-NF standard choices L 1 = 4 000 km and L 2 = 7 500 km.
Optimization for the non-standard sensitivities
We discuss the two-baseline optimization of a neutrino factory (with two Golden detectors) for non-standard interactions in Fig. 6 . In this figure, the different rows represent the nonstandard interaction parameters |ǫ left panel) , the IDS-NF baseline combination 4 000 km plus 7 500 km is close to optimal for both the standard (circles) and non-standard (diamonds) sensitivities. In this case, slightly longer rather than shorter baselines are preferred. Note that here the main contribution comes from the appearance channels. For the |ǫ m µτ | and |ǫ m τ τ | sensitivities (middle and lower left panels), respectively, much longer baselines are preferred, such as core crossing baselines L 10 700 km. The standard and non-standard optimizations do not coincide, which means that one would (hypothetically) need a third baseline. Here the main contribution comes from the disappearance channels, which tend to perform better at long baselines because more oscillation nodes can be resolved.
In the right column of Fig. 6 , we increase E µ to 50 GeV. While the absolute sensitivities at the standard choice 4 000 km plus 7 500 km remain almost unaffected, better absolute sensitivities can be obtained for longer baselines. For example, for the |ǫ m eτ | sensitivity, the bound could be improved by about a factor of two if one went to a different (longer baseline) combination. The reason are the higher event rates for E µ = 50 GeV, which allow for better statistics at even longer baselines. Note, however, that the optimal region for ǫ sensitivity, however, one baseline should be rather short 2 000 km L 4 000 km whereas the other can be long. This means that the standard IDS-NF baseline choice is close-to-optimal for this sensitivity. However, the optimal absolute sensitivity is about 0.005 (3σ), i.e., not better than the current bounds, which means that this aspect is of little relevance.
In summary, at least one very long baseline is an important prerequisite to put stronger bounds on the non-standard interactions. For E µ = 25 GeV, the standard and |ǫ 
Summary and discussion
We have discussed the optimization of a neutrino factory for non-standard interactions (NSI) in the neutrino propagation in terms of muon energy, baselines, and oscillation channels. Our study has been based on both analytical formulas, and a full simulation of the IDS-NF (international design study of a neutrino factory) baseline setup with GLoBES. We have considered all possible non-standard parameters ǫ m αβ , and have also included the complex phases of the off-diagonal elements.
As far as the different ǫ We have also considered the silver ν e → ν τ channel for non-standard interactions, and we have only found a synergistic, but small contribution to the |ǫ m eτ | sensitivity if E µ 25 GeV. This finding is in tension with the current IDS-NF baseline setup: At least for NSI, if the muon energy is chosen to be as low as 25 GeV, the silver channel will be hardly useful. In combination with the standard oscillation parameter optimization from Ref. [9] , we conclude that the tension can only be released if either the muon energy is increased, or if the emulsion cloud chamber is removed from the IDS-NF setup. Except for the silver channel contribution, we have demonstrated that the NSI sensitivities do not significantly improve anymore as a function of the muon energy if E µ 25 GeV, unless ǫ m ee is searched for at intermediate sin 2 2θ true 13 ≃ 0.001 in well-known matter density environments. Furthermore, we have revisited the optimization for the standard oscillation parameters as a function of the two baselines of the two main detectors, and we have found that the optimal detector locations are consistent with the IDS-NF setup. We have then established the robustness of this optimization with respect to a possible NSI pollution, even though the absolute sensitivities become deteriorated. As the next step, we have studied the NSI sensitivities as a function of the two baselines. We have found that the optimization of the standard oscillation parameters is consistent with the one for |ǫ Note that in all cases, one very long baseline ( 7 000 km) has turned out to be a key component for the non-standard matter effect measurements.
Our main results are summarized in Fig. 7 . Obviously, E µ = 25 GeV provides an excellent sensitivity to all standard and non-standard performance indicators, while lower energies (represented by the light bars) are unfavorable for both standard and non-standard performance indicators. Higher muon energies or the addition of a silver channel detector at 4000 km do not yield any significant improvement, neither for standard oscillations, nor for NSI. Furthermore, we show in Table 1 the expected sensitivities for the IDS-NF baseline setup 1.0, i.e., E µ = 25 GeV, L 1 = 4 000 km, L 2 = 7 500 km, but without the silver channel. For the standard oscillation parameters, the sensitivities become somewhat worse if there is an NSI pollution from ǫ m eτ (second group versus first group of sensitivities), but the orders of magnitude do not change. In addition, we read off the table that for |ǫ , as well as the matter density uncertainty, as we have discussed in Sec. 5. In general, a factor of a few may be expected. We believe that this overall performance is very impressive, but remember that the current bounds might be improved by the time a neutrino factory is actually built.
Of course, our study has been based on a particular type of new physics, namely nonstandard neutral current interactions affecting the neutrino propagation. One may ask the question whether, within the IDS-NF baseline setup, our results can be qualitatively generalized to other types of new physics. In particular, are there scenarios which constitute a physics case for ν τ detection? In general, there might be two qualitatively different approaches to search for new physics using the information from ν τ events:
1. Use the spectral dependence of the ν τ events and test its consistency with standard oscillations, and with new physics scenarios. This is what we have done in this study for the specific case of non-standard interactions in the ν e → ν τ (silver) channel.
2. Test unitarity by using information from all flavors.
For approach 1, the ν τ appearance channels can only contribute significantly in the unlikely case that the impact of the new physics is much larger in these channels than in the others. After all, the golden and disappearance channels provide much larger statistics, and will therefore typically dominate the measurement, if appropriate baselines and neutrino energies are used. Note that the ν µ → ν τ channel may not be feasible at all because the high event rates in this channel might prohibit successful reconstruction. For approach 2, one could either use neutral currents as a signal (which would not require a dedicated ν τ detector), or consider the flavor sum of charged current event rates. For the neutral currents, systematical uncertainties and the charged current contamination will limit the measurement to a precision of, perhaps, a few percent [78] . For the charged currents at the neutrino factory, the weakest link will probably be the detection of electron neutrinos (preferably with charge identification), not the detection of ν τ . Electron neutrino events are very difficult to reconstruct using an iron calorimeter, because electrons produce electromagnetic showers. The associated uncertainty in the event rates is expected to be of the order of a few per cent, so that summing the charged current events over all flavors will not yield a sensitivity significantly exceeding that from neutral currents. Therefore, we expect that the conclusions from this study concerning the silver channel are likely to be translated to many other new physics cases as well, which, however, needs to be proven in specific studies.
